Greenhouse and field experiments were conducted to test the effect of a P-solubilizing isolate of Penicillium bilaji on the availability of Idaho rock phosphate (RP) in a calcareous soil. Under controlled greenhouse conditions, inoculation of soils with P. bilaji along with RP at 45 jig of P per g of soil resulted in plant dry matter production and P uptake by wheat (Triticum aestivum) and beans (Phaseolus vulgaris) that were not significantly different from the increases in dry matter production and P uptake caused by the addition of 15 ,ug of P per g of soil as triple superphosphate. Addition of RP alone-had no effect on plant growth. Addition of vesicular-arbuscular mycorrhizal fungi was necessary for maximum effect in the sterilized soil in the greenhouse experiment. Under field conditions, a treatment consisting of RP (20 kg of P per ha of soil) plus P.
Greenhouse and field experiments were conducted to test the effect of a P-solubilizing isolate of Penicillium bilaji on the availability of Idaho rock phosphate (RP) in a calcareous soil. Under controlled greenhouse conditions, inoculation of soils with P. bilaji along with RP at 45 jig of P per g of soil resulted in plant dry matter production and P uptake by wheat (Triticum aestivum) and beans (Phaseolus vulgaris) that were not significantly different from the increases in dry matter production and P uptake caused by the addition of 15 ,ug of P per g of soil as triple superphosphate. Addition of RP alone-had no effect on plant growth. Addition of vesicular-arbuscular mycorrhizal fungi was necessary for maximum effect in the sterilized soil in the greenhouse experiment. Under field conditions, a treatment consisting of RP (20 kg of P per ha of soil) plus P.
bilaji plus straw resulted in wheat yields and P uptake equivalent to increases due to the addition of monoammonium phosphate added at an equivalent rate of P. RP added alone had no effect on wheat growth or P uptake. The results indicate that a biological system of RP solubilization can be used to increase the availability of RP added to calcareous soils.
The use of unprocessed rock phosphate (RP) as a phosphorus (P) fertilizer has merit for areas without easy access to P fertilizer production plants. The direct use of RP is, however, restricted to acidic soils since the benefits from the addition of RP to neutral calcareous soils are low in comparison to benefits obtained with more acidic soils (10) . Vesicular-arbuscular (VA) mycorrhizal fungi exist naturally in most agricultural soils and can affect plant P uptake. Uptake of P from RP and P fertilizers has been shown to be increased by the addition of mycorrhizal fungi to soils if the numbers of mycorrhizae in the soil are initially low (5, 13, 16) .
A group of soil microorganisms affecting soil P availability are the P-solubilizing bacteria (15) , fungi (8) , and actinomycetes (14) . Such organisms have the ability to solubilize P-containing minerals by the secretion of organic acids and have been reported to increase the P uptake of rice from inoculated soils (3). P-solubilizing organisms are present naturally in prairie soils and have been found to comprise 0.1 to 0.5% of the total soil microbial population (9). Gaur et al. (6) found increased P uptake from RP by wheat and greengram when a P-solubilizing culture of Pseiudotnonas striata and Aspergilllus awamori was added along with corn stover. Khalafallah et al. (7) found increased P uptake from superphosphate by Vicea faba in a desert calcareous soil after inoculation of the soil with Bac illlus megatheriiim var. phosphaticum. Azcon et al. (2) observed P absorption from RP by lavender plants when they were inoculated with both mycorrhizal fungi and a P-solubilizing bacterium, but no absorption in the absence of the microorganism.
In this paper we report the results of greenhouse experiments comparing the P uptake by wheat and field beans from Idaho RP and triple superphosphate in soils inoculated with mycorrhizal fungi and a P-solubilizing strain of Penicillium bilaji. We also report the results of a field experiment conducted on a Chernozemic calcareous soil in southern Alberta comparing Idaho RP and monoammonium phosphate with and without P-solubilizing fungal inoculation.
MATERIALS AND METHODS
Greenhouse experiment. A Brown Chernozemic soil (loamy sand, Cavendish series) was collected from a cultivated field near Iron Springs, Alberta. The soil was air dried, sieved (2 mm), and mixed 1:1 (vol/vol) with sand. The final mixture had a pH of 7.2 (1:1 in H,O) and contained 2 jig of available P per g of soil (NaHCO3-extractable) (12) . One kilogram of the soil mixture was placed in 20-cm ceramic pots, autoclaved for 8 h (115°C, 12 lb/in2) to kill the native mycorrhizal fungi, and allowed to reequilibrate for 6 weeks.
The greenhouse treatments used in this experiment were as follows: RP only, P. bilaji only, P. bilaji-RP, ground wheat straw only, straw-RP, straw-P. bilaiji, straw-RP-P.
biklji, preincubated straw alone, preincubated straw-RP, preincubated straw-P. bilaji, preincubated straw-RP-P. bilaiji, triple superphosphate, and an untreated control. Field treatments were RP only, RP-P. bilaji, straw only, straw-P. bilk{ji, straw-RP, straw-RP-P. bilaji, monoammonium phosphate only, monoammonium phosphate-P. bilaji, control (no P added), and P. bilaji only. Idaho RP (10.3% P) was sieved (60 mesh), and the fine material was added to provide 45 Five replicates of each treatment for each test crop (5 replicates x 13 treatments x 2 mycorrhizae x 2 crops) were randomly arranged on greenhouse tables. The arrangement of the pots was altered every 2 weeks for the duration of the experiment. Supplemental lighting was used to maintain a 16-h-8-h day-night cycle. N-and P-free Long-Ashton nutrient solution (20 ml) was added to each pot on weeks 2, 3, and 8. Plants were harvested at maturity, dried, weighed, and ground. Subsamples of the plant material were acid-digested (4) and analyzed for P content (17) . The presence or absence of VA mycorrhizae in the inoculated and uninoculated pots was verified by microscopically viewing roots from randomly selected pots after clearing and staining the roots with acid fuchsin (0.01% in lactoglycerol) (1) . Straw and seed dry matter weights were determined before the grain and straw from each plot was ground, combined, and thoroughly mixed. The P content of the combined sample was measured after acid digestion by the same procedures used for the greenhouse study.
Statistical analysis of the data was performed using the General Linear Model program of the Statistical Analysis Systems package. Single degree of freedom comparisons were made between individual treatments to determine the significance of differences observed.
RESULTS
Greenhouse study. Overall, the addition of VA mycorrhizal fungi had a significant positive effect on the dry matter production of both wheat and beans and resulted in a significant increase in the P content of both crops (Tables 1  and 2 ). Visual examination of roots showed mycorrhizae to be present in inoculated treatments and absent from those pots not receiving mycorrhizal inoculum. Taken individually, the effect of mycorrhizae on each treatment was generally to increase the plant weights and P content of wheat, even though the effect was not significant in all comparisons. For beans, the effect of mycorrhizal fungi was to increase plant weights for individual treatments, but the effect on P content was not always positive. Since mycorrhizae would be present under natural conditions and had a significant effect, further comparisons of the data were made only for those treatments receiving mycorrhizal fungi.
Single degree of freedom comparisons of the data for the treatments receiving mycorrhizal fungi show that for both plant dry weight and P content, the complete treatment (straw plus RP plus P. bilaji) resulted in levels significantly higher than those of the unfertilized control and also higher than the treatment receiving only straw plus RP ( Table 2 ).
The addition of RP alone or in combination with straw in the absence of P. bilaji did not have a significant effect on plant weights or P content of either crop plant. The addition of P. bilaji alone had a positive effect on wheat dry matter production and P content but did not affect these parameters for the beans. The addition of P. bilaji plus straw increased wheat and bean plant weights but did not affect the P content of either crop. The addition of straw in combination with the other amendments had a significant positive influence on the effectiveness of RP and P. bilaji (Table 2 ). In the case of wheat plant weights and P content, preincubation of the straw before addition neither benefited nor deterred the effectiveness of the treatments.
For bean plant weights and P content, however, the preincubated straw-RP-P. bilaji treatment was significantly less effective than the straw-RP-P. bilaji treatment. When compared with the effectiveness of triple superphosphate, the straw-RP-P. bilaji treatment was equivalent for bean dry weights or P content by wheat or beans. The complete treatment was significantly more effective than triple superphosphate alone in the case of wheat dry weights (Table 1) .
Field study. Grain and straw dry matter production was 1.4-and 1.5-fold higher, respectively, than that in the untreated controls as a result of the addition of straw-RP-P.
bilaji to the soil. The increase was equivalent to that observed from the addition of monoammonium phosphate at equal rates of P (Table 3 ) and greater than that observed from the addition of straw-RP. The addition of P. bilaji alone or in combination with straw or RP also had a significant effect on grain and straw dry weights ( (Table 3) . Phosphorus content with these two treatments was not significantly different ( Table 4 ). The addition of P. bilaji to the straw-RP treatment increased the effectiveness of that combination. The addition of P. bilaji alone had a significant effect on P content but when added in combination with RP did not have an effect. RP added alone or with straw had no effect on the wheat P content.
DISCUSSION
Increased P uptake by plants colonized by mycorrhizal fungi has been previously reported (5, 13, 16) . The beneficial effect of the mycorrhizae on a P-solubilizing system such as the one used in this study is also clear. The presence of mycorrhizal fungi had negligible effects on the growth and P uptake of wheat and beans when added along with triple superphosphate, which is not surprising since triple superphosphate is generally quite available for plant uptake. The mycorrhizal fungi did have a greater effect on the P. bilaji-RP system, increasing both plant production and P uptake. In the presence of mycorrhizae, the P-solubilizing system was as effective as triple superphosphate. Under prairie field conditions, soils lacking mycorrhizal fungi are almost never encountered (11) , so the problem of reduced effectiveness of the P-solubilizing system in the absence of mycorrhizae would not be serious.
This work confirms the synergistic effect of mycorrhizal fungi and P-solubilizing microorganisms reported by Azcon et al. (2) . Their study used a P-solubilizing bacterium and rates of RP addition much higher than those in this study and did not compare the resulting P uptake with that from a processed P fertilizer. The present study shows that the mycorrhizae are a necessary part of a P-solubilizing system and, if present, can make the system significantly more effective by increasing the ability of the plant root system to absorb P.
Previous work in similar soils has shown that various RP sources added at a rate of 109 mg/kg of soil to a moderately acidic (pH 5.3) Chernozemic soil varied in effectiveness from negligible to 75% of the effect of adding 10.9 mg per kg of soil as triple superphosphate, as measured by increases in plant P uptake (10) . Idaho RP in that study proved to be 18% as effective as triple superphosphate when added at 10 times the rate of P. In the present study, Idaho RP added alone in the pot study was 17% as effective as triple superphosphate when added at 3 times the P rate and 5% as effective as monoammonium phosphate in the field study when added at equivalent P rates. Considering that RP availability usually decreases with increasing soil pH, it is safe to assume that the estimates of Idaho RP availability are similar to those in previous studies and that this availability is low in comparison with processed P fertilizers. The addition of the Psolubilizing Penicillium fungus along with a carbon source (straw) and RP resulted in a real increase in P uptake by beans in the greenhouse study and by wheat in both the greenhouse and the field. Previous work (10) showed plant P uptake to be well correlated with rock P availability, so the P uptake measurements of this study can be considered to be reflections of the P availability of the various treatments.
Tracers were not used in this study, so it is not possible to determine whether the increased P uptake was due only to solubilization of the added RP or whether solubilization of some soil P forms occurred as well. Indeed, P. bilaji addition alone or in combination with a carbon source without RP did result in significant increases in plant production in the greenhouse and in increases in P uptake in the field, showing that some soil P was likely solubilized. The effect of the combined treatment was greater than the effect of P. bilajistraw or RP-P. bilaji or straw-RP, showing that all three components are necessary for maximum effects in this study.
In the pot experiment, straw was added fresh or was preincubated with the RP or P. bilaji or both. This was an attempt to see whether a preincubation period would increase the effectiveness of the complete P-solubilizing system and to see whether other microorganisms which occur as natural contaminants under nonsterile conditions would have any P-solubilizing effect on the RP. The preincubation Biological P solubilization of RP has been shown to be as effective as processed P fertilizers in calcareous soils under greenhouse and field conditions. Use of an RP-solubilizing system alleviates the need for increasing the rate of P addition when directly applying RPs. Further work is necessary to test the effectiveness of this system on a wider range of soils with a wider range of RPs and to elucidate the mechanisms involved.
